Alkaline phosphatases play a crucial role in phosphate acquisition by microorganisms. To expand our understanding of catalysis by this class of enzymes, we have determined the structure of the widely occurring microbial alkaline phosphatase PhoX. The enzyme contains a complex active-site cofactor comprising two antiferromagnetically coupled ferric iron ions (Fe 3+ ), three calcium ions (Ca 2+ ), and an oxo group bridging three of the metal ions. Notably, the main part of the cofactor resembles synthetic oxide-centered triangular metal complexes. Structures of PhoX-ligand complexes reveal how the active-site metal ions bind substrate and implicate the cofactor oxo group in the catalytic mechanism. The presence of iron in PhoX raises the possibility that iron bioavailability limits microbial phosphate acquisition.
Alkaline phosphatases play a crucial role in phosphate acquisition by microorganisms. To expand our understanding of catalysis by this class of enzymes, we have determined the structure of the widely occurring microbial alkaline phosphatase PhoX. The enzyme contains a complex active-site cofactor comprising two antiferromagnetically coupled ferric iron ions (Fe 3+ ), three calcium ions (Ca 2+ ), and an oxo group bridging three of the metal ions. Notably, the main part of the cofactor resembles synthetic oxide-centered triangular metal complexes. Structures of PhoX-ligand complexes reveal how the active-site metal ions bind substrate and implicate the cofactor oxo group in the catalytic mechanism. The presence of iron in PhoX raises the possibility that iron bioavailability limits microbial phosphate acquisition. P hosphate-containing macromolecules and metabolites are essential components of living cells. Under conditions of phosphate deficiency, microorganisms obtain phosphate from biologically derived organic compounds by producing extracytoplasmic alkaline phosphatases (1, 2) . Prominent among these enzymes are phosphate monoesterases of the PhoA and PhoX families, which are found in all three domains of life. The archetypal PhoA enzyme of Escherichia coli has been extensively studied (2) , but PhoX alkaline phosphatases are minimally characterized and do not exhibit sequence similarity to other phosphotransfer enzymes. Genes encoding PhoX are abundant in ocean bacteria (3) (4) (5) and are also present in bloomforming cyanobacteria (6), human pathogens (7, 8) , and eukaryotic green algae, including the model organism Chlamydomonas reinhardtii (9) .
To establish the active-site architecture of PhoX, we have undertaken structural analysis of the enzyme from Pseudomonas fluorescens Pf0-1 (10). Recombinant P. fluorescens PhoX is a phosphomonoesterase with no phosphodiesterase activity and is able to cleave phosphorusnitrogen bonds but not phosphorus-carbon bonds ( fig. S1A ). The purified PhoX protein is purple in color with several broad absorbance bands in the visible spectrum, indicating the presence of a prosthetic group (Fig. 1A) . Addition of adenosine-5′-(b,g-methylene)triphosphate (AMP-PCP), a nonhydrolyzable analog of the substrate ATP, causes changes in the visible spectrum (Fig. 1A) , showing that the prosthetic group is associated with the substrate-binding site. We determined crystal structures for native PhoX and for PhoX in complex with AMP-PCP, phosphate, and the putative transition-state mimic vanadate. All four structures were determined to high resolution (1.1 to 1.5 Å) from crystals grown at the catalytic pH optimum of 8 (figs. S1B, S2A, and S3, and tables S1 and S2).
PhoX folds as a six-bladed b propeller ( Fig. 2A) . The active site of the enzyme lies at the bottom of the cavity at the center of the propeller and is accessible from only one face of the propeller through a channel (Fig. 2B) . The active site in the native PhoX structure contains four metal ions, and a further metal ion is present in the structures of the three PhoX-ligand complexes. Proton-induced x-ray emission spectroscopy of a sample of the PhoX-phosphate complex detected 3.4 T 0.3 atoms of calcium and 1.6 T 0.1 atoms of iron per complex, with no other candidate elements (Co, Ni, Zn, Mg, and Mn) detectable. Individual metal ion sites in the PhoX structures were assigned as three Ca and two Fe ions on the basis of their coordination geometry and anomalous scattering at different wavelengths ( fig. S2, B (table S4) .
Electron paramagnetic resonance (EPR) spectroscopy was used to determine the oxidation state of the PhoX iron atoms (Fig. 1B) . The native PhoX protein was EPR-silent. However, partial reduction of the protein with dithionite led to the appearance of an EPR signal at an effective g value of 4.3 characteristic of monomeric Fig. 2C and table S3 ). The close to in-plane geometry suggests that this atom is an oxide ion (O
2-
). This is confirmed by the structural identity between this part of the PhoX active site and Fe 2 CaO(CCl 3 COO) 6 (THF) 4 , an inorganic complex containing a m 3 -oxo-bridged Fe 3+ Fe 3+ Ca
2+
cluster with O-donor coordination (11) (fig. S5 ).
The presence of a bridging oxo group explains the strong antiferromagnetic coupling of the two Fe 3+ ions observed by EPR spectroscopy (Fig. 1B) . The intense visible absorption bands of PhoX (Fig. 1A) fer bands are also expected to contribute to the visible spectrum (13) . The purple color of PhoX is, thus, distinct in origin from that of the wellknown purple acid phosphatases in which the visible absorption is due to a tyrosinate-to-Fe 3+ charge transfer (14) . PhoX had previously been considered to be an exclusively Ca-dependent enzyme based on the results of metal ion reconstitution experiments [e.g., (7, 8, 15) ], although a biosynthetic requirement for Fe in P. fluorescens PhoX biosynthesis had been reported (16) . In agreement with these earlier reconstitution studies, we found that the enzymatic activity of P. fluorescens PhoX was abolished by the metal ion chelator EDTA and that activity could be restored by the addition of Ca 2+ ions alone ( fig. S1C ). However, EDTA treatment perturbed, rather than abolished, the visible transitions arising from the Fe A -Fe B pair, indicating that the Fe 3+ ions remain bound to PhoX in the presence of EDTA (Fig. 1C ). This conclusion was confirmed by EPR spectroscopy, which showed that only a small proportion (12% by spin quantitation) of the Fe bound to PhoX is extracted by 50-mM EDTA (Fig. 1B) . Addition of Ca 2+ ions to EDTA-treated enzyme restored the visible spectrum (Fig. 1C) .
The PhoX-ligand complex structures show that the active-site metal ions form a scaffold that binds the terminal phosphoryl group of the substrate molecule. In the phosphate and vanadate complexes, all five metal ions have bonding interactions with the three terminal oxygen atoms of the ligand (Figs. 2C and 3C  and fig. S4 , B and C). In these structures, the ligand sits on the Fe A Fe B Ca A unit, with each terminal oxygen atom of the ligand placed above one of the three metal ions. In the AMP-PCPbound structure, the phosphate group has a tilted orientation relative to the Fe A Fe B Ca A plane, and there is no interaction with Ca A (Fig. 3B) . This binding mode permits both the terminal and b-phosphate groups of AMP-PCP to make bonding interactions with Ca A and Ca B (Fig. 3B) . Modeling studies (not shown) suggest that even for substrates without multiple phosphate groups, an initial tilted binding mode will usually be favored in order to avoid steric clashes with Ca A and Ca B . The sole conformational change in the protein that takes place on ligand binding to PhoX is movement of the guanidinium head group of conserved Arg 385 to form a bonding interaction with one of the terminal oxygen atoms of the ligand (Fig. 2C) . Replacing this arginine residue with alanine impairs PhoX activity, suggesting that Arg 385 contributes to catalysis (table S4) . The primary mechanism of rate enhancement by phosphoryl transfer enzymes is thought to be provision of favorable geometric and electrostatic interactions with the transition state (1, 2). PhoX provides high-valency metal ions that are appropriately positioned to interact with all three terminal oxygen atoms of the phosphoryl group, and in the vanadate complex the ligand is appreciably distorted toward the presumed transitionstate geometry ( fig. S4C ). Leaving group activation through coordination of the oxygen atom of the labile bond by Ca C may also contribute to catalysis (Fig. 3, C and D, and fig. S4B ) (2) .
Enzymatic phosphoryl transfer reactions involve in-line displacement of the leaving group by a nucleophile (2) . Examination of the PhoXligand structures shows that the metal-bridging oxide ion is the only plausible candidate nucleophile (Fig. 3, B and C, and fig. S4 , B and C). In the phosphate and vanadate complexes, the oxide ion is positioned below the phosphorus atom and is directly in line with the scissile bond. The oxide ion also blocks access of other potential nucelophiles to the phosphorus atom (in all three PhoX-ligand complexes, the calculated water-accessible surface area of the phosphorus atom trans to the leaving group is 0.0 Å 2 ). There is small-molecule precedent for the hydrolysis of phosphate esters by an oxide ion bridging two Co 3+ ions (17) , and a metal-bridging oxide nucleophile has also been inferred to be present in one purple acid phosphatase (18) . Oxide movement toward the phosphoryl P atom during catalysis would be facilitated by the weak Ca Aoxide interaction and would be consistent with the observed movement of the oxide relative to the Fe A Fe B Ca A plane in response to ligand binding at the active site (+0.4/-0.2 Å) (Fig. 3, A to C,  and fig. S4B ). Due to the difficulty in abstracting a m-bridging oxygen atom from between two Fe 3+ ions, it is likely that the initial reaction product is resolved by a second in-line nucleophilic attack by a water molecule from the opposite side of the phosphorus atom (Fig. 3D) . This water molecule would plausibly be activated by binding to Ca C because this ion already interacts at the equivalent position with the oxygen atom of the substrate scissile bond (Fig. 3, C and D,  and fig. S4B ). Nevertheless, we cannot exclude the possibility that the active-site environment labilizes the m-bridging oxygen atom to allow release of the initial product.
Our structural analysis suggests that PhoX has an almost exclusively inorganic mechanism in which the protein serves as a matrix for the catalytic metal ions. Distinctive features of the PhoX active site include a cofactor that combines Fe and Ca ions, Cys coordination to a Fe 3+ ion that lacks a redox function, and the use of more than three metal ions to interact with a single phosphoryl group. It is also notable that the Fe A Fe B Ca A O fragment of the cofactor resembles extensively studied synthetic oxide-centered triangular metal complexes (19) . Carboxylate-bridged Fe 3+ pairs are used in other enzymes to catalyze redox reactions with oxygen (12) but in PhoX perform a nonredox role in which the high charge of the iron atoms is exploited to polarize the substrate. Like PhoX, some purple acid phosphatases use a di-iron center to carry out phosphoryl transfer reactions (20) . However, in contrast to PhoX, the enzymatically active oxidation state of the iron pair is Fe 3+ -Fe 2+ (21) , and the catalytic nucleophile is probably a metal-bridging hydroxide ion (20) .
Genes coding for PhoX and PhoA are not normally found in the same bacterium (4), suggesting that these two types of alkaline phosphatase have equivalent physiological roles. PhoA activity depends on Zn 2+ ions, which are present at low abundance in many environments (22) , and this has led to the hypothesis that organisms expressing PhoX have an advantage in P and Zn colimited environments (15) . However, our observation that PhoX requires Fe 3+ ions as cofactors implies that PhoX activity will also be metallimited by the low bioavailability of Fe in many environments (23) . This hypothesis challenges the assumption that P and Fe have biochemically independent effects in colimiting conditions (24) and raises the possibility that combined Zn-Fe-P colimitation may occur in some environments through the requirement for either Zn or Fe for phosphate acquisition from organic phosphates. An environment where such considerations may apply is the western North Atlantic, where inorganic P and Zn concentrations are very low and Fe can also be in short supply (22, 25, 26) . 
